Abstract. We model the three-dimensional (3-D) crustal deformation in a deep pull-apart basin as a result of relative plate motion along a transform system and compare the results to the tectonics of the Dead Sea Basin. The brittle upper crust is modeled by a boundary element technique as an elastic block, broken by two en echelon semi-infinite vertical faults. The deformation is caused by a horizontal displacement that is imposed everywhere at the bottom of the block except in a stress-free "shear zone" in the vicinity of the fault zone. The bottom displacement represents the regional relative plate motion. Results show that the basin deformation depends critically on the width of the shear zone and on the amount of overlap between basin-bounding faults. As the width of the shear zone increases, the depth of the basin decreases, the rotation around a vertical axis near the fault tips decreases, and the basin shape (the distribution of subsidence normalized by the maximum subsidence) becomes broader. In contrast, twodimensional plane stress modeling predicts a basin shape that is independent of the width of the shear zone. Our models also predict full-graben profiles within the overlapped region between bounding faults and half-graben shapes elsewhere. Increasing overlap also decreases uplift near the fault tips and rotation of blocks within the basin. We suggest that the observed structure of the Dead Sea Basin can be described by a 3-D model having a large overlap (more than 30 km) that probably increased as the basin evolved as a result of a stable shear motion that was distributed laterally over 20 to 40 km.
and an underlying much weaker ductile lower crust. The strongest part of the continental lithosphere, assuming a typical geotherm, lies in the uppermost mantle where the mantle temperature is the lowest and the mantle olivine strength is the greatest. A main premise of this study is that blocks separated by weak faults in the upper crust are driven from below by deformation of the continuum beneath them as the lithospheric plates are moving past each other [Molnar, 1992] . This lithospheric model serves as the basis for the boundary conditions that are applied in this work.
The upper crust is represented here by a three-dimensional elastic plate that is broken by vertical planes of weakness representing faults that cannot support any shear stresses (Figure 2 ). The regional motion of the lithospheric plates is represented by displacement applied at the bottom of the elastic plate. The basal displacement is applied everywhere except in a region of a finite width near the faults. We study the deformation pattern that develops in this zone of finite width (henceforth, "the shear zone", see Figure 2 ) as a result of regional relative plate motion and compare it to the tectonics of the Dead Sea Basin.
Our approach for modeling geological faults is somewhat different from the widely used approach in which a displacement discontinuity (dislocation) is explicitly defined on the fault plane [e.g., Rodgers, 1980; Bilham and King, 1989; Goreberg, 1993] . The dislocation approach used in these previous studies is useful because fault slip obtained from geological data can sometimes be directly embedded in the model. However, it is difficult to relate relative plate motion to slip on plate boundary faults and to determine a priori the tapering of the slip function toward the fault tips. In this study we use the dislocation approach mainly to address the difference between our results and the results of previous studies, but, because we do not know the appropriate slip function on the faults we use a constant slip in the same way as Rodgers [ 1980] . Perhaps the least palatable aspect of this work is the fact that linear elastic rheology is used for modeling finite deformation in the upper crust. In reality, but not in the models presented here, the rheology of the upper crust is elastic-plastic, which means that stresses increase with strains up to a certain limit, where failure occurs and plastic deformation starts. Beyond this limit, strains can increase significantly without a major change in the stresses. Our analysis is thus a linear approximation to a highly non linear process. Therefore, we do not attempt to predict absolute uplift, subsidence, or slip along faults but only a relative pattern of deformation.
Since we are dealing with linear analysis, scaling of the input displacement implies the same scaling to the output displacement; therefore, there is no need to use the exact slip that is measured in the field. Also, since displacement (and not stress) boundary conditions are applied, increasing Young's modulus by some factor will not affect the resulting displacement, but will increase the resulting stress by the same factor without changing its pattern.
The Dead Sea Basin, Geological Background
The Dead Sea Basin is located along the Dead Sea Riff, which is a transform boundary separating the African and the Arabian plates (Figure 3) . The left lateral motion along the Dead Sea transform probably started at 11 to 15 Ma and shows an offset of 105 km [Joffe and Gaffunkel, 1987] . About 30 km of this offset occurred in the last 5 m.y., which is also the maximum age of the basin. Since the zone of lithospheric extension in the Dead Sea Basin is quite narrow (about 10 km wide, which is approximately the width of the basin), most of the thermal perturbation due to stretching at the center of the basin is expected to dissipate laterally during the stretching phase [ten Brink et al., 1993] . Therefore, "post-riff" thermal subsidence can be neglected, and the development of the Dead Sea Basin can be studied by mechanical modeling. The relatively simple structure of the Dead Sea Basin together with its large dimensions provides an excellent example for this study.
The structure of the Dead Sea Basin presented here is based mainly on a recent extensive gravity study of the basin [ten Brink et al., 1993] . This recent study indicates that the basin is a full graben 132-km long, 7-to 18-km wide, and 10-km deep, with no boundary faults at its northern and southern ends ( 
Tectonic Modeling for Deep Pull-Apart Basins
We suggest a mechanism in which the motion of the upper crust is driven from below by the shear motion of the lower crust and the upper mantle. The driving shear at the base of the upper elastic crust is modeled by a displacement that is specified on the bottom of the model. Because we are dealing with deep basins, the assumption is that the primary faults penetrate the entire upper crust (Figure 2 otherwise). We chose a fault length of 150 km to minimize the edge effects that might otherwise affect the structure at the center of the model where the pull-apart basin is developed. Each fault is characterized by two sets of elements that separate between two distinct zones. Free surface boundary conditions are defined on the upper surface as well as on the northern and southern walls of the model (the walls were chosen far enough away so that the boundary conditions on them would not affect the deformation pattern close to the basin). The Young's modulus in all models was 75 GPa. In order to conserve volume over the geological timescale that is considered here, a Poisson's ratio of 0.5 was chosen. In appendix B we investigate the effect of Poisson's ratio on the surface deformation. Because finite displacement boundary conditions (up to several kilometers) are used in a linear elastic rheology, the stresses that occur are many orders of magnitude larger than the stresses that can be supported within the Earth. We are therefore unable to incorporate processes that involve stressrelated boundary conditions, such as isostatic response to sediment loading or friction on faults. As to the isostatic effects, ten Brink et al. [1993] showed that the Dead Sea Basin is likely to be uncompensated owing to the small width of the basin with respect to the lithospheric elastic thickness; therefore, isostatic response to sediment loading is not an important factor in the Dead Sea Basin development. In cases where the isostatic effect is important, it can be calculated separately and then added to the faulting solution. As for shear stresses on the faults, the assumption of weak faults is supported by low heat flow above major strike-slip faults like In all the models that are driven by basal motion (Plates 2a-2c), the offset across the faults decreases toward the fault tips, so that a natural tapering of the fault slip function is obtained. Figure 5a ) where the high gradients at the center suggest a basin that is extremely deep, is concentrated very close to the fault tips, and has no significant deformation elsewhere. Although the surface deformation varies significantly with the width of the shear zone, the necking profiles, which represent the sum of the deformation at the top and at the bottom of the plate, are almost identical for different widths of the shear zone (Figure 5b) . The true morphology of deep 3-D pull-apart basins is more related to the surface deformation than to the necking profile. In contrast, surface deformation in 2-D models, where displacement is applied only on the sidewalls, is simply half the necking profile and does not depend on the width of the shear zone (Figure 5c ).
Effect of Fault Overlap on Pull-Apart Basins
The models that are considered here include two en echelon faults having (1) no overlap between them, (2) overlap that is equal to the fault separation (i.e., 10 km), and (3) Figure 6c ). For the bottomdriven models, the basin is a full graben over the entire overlap zone (Figures 6b and 6c) and becomes a half graben just outside the overlapping area (Figures 6d and 6e ). These observations have direct implications for the structure of the. (Figures 7a-7d ).
In summary, we suggest that a plausible explanation of the Dead Sea Basin characteristics is that the basin growth is driven by shear that is distributed horizontally over 20 to 40 km at a depth of about 15 km and that the overlap between the en echelon weak faults in the upper crust increases to over 30 km as the basin grows.
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Summary
Many geophysical and geological observations support the idea that the lower crust and the upper mantle cannot be decoupled from deformation processes that occur in the upper crust [Molnar, 1992] . In this paper we have considered a model in which the upper crust is driven from below by the regional lithospheric plate motion. We have tried to relate the morphology of deep pull-apart basins (in strike-slip settings) to the regional shear at the base of the upper crust and to the geometry of the primary faults that bound the basin. The boundary element method was used to calculate the displacement field in a three-dimensional elastic plate. The faults that bound the basin were defined by two vertical en echelon planes of weakness that penetrated the entire plate. The regional lithospheric plate motion was represented by displacement boundary conditions on the bottom of the elastic plate.
Probably the main reason that no extensive work has been done to simulate numerically the deformation in strike-slip settings that are driven from below by shear motion is the highly three-dimensional nature of the problem. Twodimensional plane stress modeling produces unrealistic subsidence and uplift close to the fault tips because plane stress approximation assumes no vertical stresses. 
